ABSTRACT The wave shape, intensity, and time course of the flash were examined with the aid of electronic operations in order to characterize the luminescence response and examine the in vivo dynamics of the light reaction. The most ,prominent single component of the flash shape is its exponential decay, beginning several milliseconds after the intensity maximum, with a mean rate constantat 23°C of --0.088 msec -1. Earlier components of the flash curve are more complex, exhibiting no pure exponentials with time. As predicted from previous observations, the time course of the flash triggered by a propagated action potential, and therefore influenced by the conduction time of the triggering potential, is measurably slower than that of the synchronously triggered flash. The time course of emission from individual specimens is otherwise quite stable, undergoing only limited slowing with short-interval fatigue or specimen deterioration in spite of marked changes in the amplitude of the wave form. Relative stability of amplitude is obtained when flashes are elicited at regular intervals greater than 10 sec. On the basis of an analogue computer simulation (Appendix) the dynamics of the luminescence wave shape were found to be compatible with a short sequence of first order processes acting on an initial brief transient.
interest since it should be proportional to the rate of the light reaction. Because of its low q u a n t u m content, the signal recorded from a single organelle does not lend itself well to a direct analysis of its wave shape. The inferred kinetic similarity between the summed output from the whole population of organelles and the flash emitted from the individual organelle has led to the present work in which an analysis is based on the intensity-time curve of synchronized emission recorded from the whole cell. While this paper is necessarily concerned with general features of the luminescence response, its interest focuses primarily on the dynamics of light emission.
A simple hypothesis for the origin of the wave shape of the flash was explored with the aid of an analogue computer (Appendix). The output wave shape was found to be consistent with a short sequence of first order steps (about 3) acting on a brief initial transient.
M A T E R I A L S A N D M E T H O D S
General Procedures Pertinent morphological features of N. miliaris, and methods used to culture the organism have already been described (Eekert, 1966 b; Eckert and Reynolds, 1967) . Specimens were held as shown in Fig. 1 on the stage of a compound microscope. Hydrostatic pressure of 2-8 mm H20 held the specimens to the end of a glass pipette, which had an internal diameter of approximately 70/~, at a distance of 1 mm above the face of an oiled Zeiss 1.4 NA brightfield substage condenser. An RCA I P21 side-window photomultiplier (S-4 photoeathode) was positioned below the condenser so that light collected by the condenser impinged on the photocathode. The specimen was stimulated either by external application of a 0.5 msec constant current pulse through the holding pipette or by application of current by a cathodal intracellular polarizing electrode. As noted earlier , the effective electrical stimulus is positive current passing from the exterior of the cell to the vacuole. Experiments were performed at ambient temperatures of 20 to 24°C.
Viability of specimens varied greatly. One flashed over 1,300 times without large (> 25 %) decline in the amplitude of the flash, while some specimens showed a rapidly progressing decline of intensity after several stimuli. Data from specimens showing rapid deterioration of the response were disregarded.
The Photometer The photomultiplier was operated at 600 to 950 v from a highly stable power supply (Keithley 242). The anode current was converted to a linearly proportional voltage (1 v/gamp) by a Philbrick SP2A operational amplifier (No. 1, Fig. 2 A) . A capacitor in the feedback prevented oscillation and limited the upper frequency response to 600 Hz (--3 db) . Since the anode current was a linear function of light incident on the photocathode, the output voltage of amplifier 1 was also proportional to light intensity, L Intensity was integrated during each sweep of the oscilloscope by amplifier 6 (Fig. 2 A) to give a signal proportional to the total number of photons emitted. The logarithm of the intensity, log I, was generated with a Philbrick logarithmic transconductor (high-gain silicon transistor) in a transdiode configuration in the feedback loop of amplifier 5, and was displayed on the CRT at 1 decade per cm. 
The i-I Coordinate System
In addition to C R T displays as functions of time, a concurrent x-y plot was made (with the independent second gun of the oscilloscope) of the first time derivative of intensity, 1 (y-axis), against the intensity signal, I (x-axis). An example of the trajectory of a flash recorded in the 1-I plane is shown in Fig. 3 . Relative phase shifts of I and [ were avoided as described in Fig. 2 D. The [-1 display was used primarily as a convenient means of measuring the rate constant of exponential intensity decay, since the filtering of the signal, required for Fiatwaz 2. A, photometer system. Components 1 through 6 were Philbrick operational amplifiers selected for appropriate specifications. No. 1 was an SP2A with an offsetcurrent drift of 10 -14 amp per ~ hr. Dark current was hulled at the s~rnrning junction of amplifier 1. Further description of the system may be found in the text.
B, linearity of the logarithmic display. An exponentially decreasing current generated from a 10 v square step with a 0.01 #f low leakage (polystyrene) capacitor and a 1 megohm resistor was supplied to the summing junction of amplifier 1. A voltage proportional to the current (output of amplifier 1) and the logarithm of that signal (amplifier 5) were differentiation, may have significantly distorted faster components of the wave form. Jenerick (1963) has given a detailed account of the theory and technique of the "phase plane" plot in electrical recording. However, the basis for graphical display and measurement of rate constants will be reviewed briefly.
An exponential change in light intensity with time may be expressed as
where I is in photons/reset, Ais a scale constant, and k the rate constant in reciprocal milliseconds. Then
dI/dt = kAe kt
By substitution, the equation for a straight line is obtained:
Intensity changes which are exponential with time therefore appear in the [ -I plane as straight lines with slopes equal (or proportional) to the rate constants of the exponentials. In short, the slope of such a trajectory is equal, (or proportional) to d [/dI (in which [ represents dI/dt) .
Calibrations The photometer was calibrated with a quantity of P O P O P + P O P scintillator mixture excited by beta emission of ~P. A sample with dimensions similar to those of a noctiluca was placed on the microscope i stage in the position normally occupied by a specimen. Direct and integrated intensity readings of the sample were made through the photometer system at spaced muItiplier voltages. The quantum emission rate of the scintillator specimen was then determined on the same day (through the kindness of J. W. Hastings) against a calibrated photon source (Hastsimultaneously displayed on the CRT. Log linearity was go0d between 10 -~ and 10 -~ amp. C, the necessity of frequency limitation. One sweep of the oscilloscope displayed four traces. The two I traces are simultaneous intensity displays of the same flash. Ia was taken directly from amplifier 1 (Fig. 2 A) . Ib was displayed from amplifier 3, and was therefore filtered by the network of amplifier 2. The frequency response of signal a was 3 db down at 600 I-tz, whereas in b it was 3 db down at 230 Hz. Signal b was consequently somewhat attenuated (7%) and slowed (1 msee). The decay of the recorded flash was not noticeably affected. A comparison of the simultaneously displayed derivatives of these signals, ]a and ]b, demonstrates the need for filtering prior to differentiation. The "noise" in this flash signal was somewhat greater than normal because the flash was weak and a higher multiplier voltage than usual was employed.
D, phase plane displays of slnusoidal current supplied to the summing junction of amplifier 1. Ellipse b was generated when the x-axis was driven by the output of amplifier 3 and the y-axis by the derivative of the current (amplifier 4). The rotation of ellipse a was due to a phase shift introduced by the RG network of amplifier 2 which became apparent when the unfiltered output of amplifier 1 was used to drive the x-axis. Phase differences in flash recordings were avoided by using a common filter (amplifier 2) ahead of both the differentiator (amplifier 4) and signal inverter (amplifier 3). 
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Fmunz 3. Display of a representative flash. The uppermost trace is a plot of photomultiplier anode current ( = light intensity) against time. Below this are traces which plot the rate of change of light intensity, ], the log of intensity, and the integral of intensity, f I dr. The lowermost displayis an x-y plot of the derivative of intensity (i) against intensity (I), the ~foI diagram. In all displays the trajectory of the i-I plot has its origin at I = 0, J = 0, and proceeds in a clockwise direction. The linear component in the final portion of the trajectory represents the exponential phase of inten.~ity decay which in this case had a rate constant of -0.084 msec -I. All five traces in the figure were generated and displayed simultaneously on the screen of a CRT, and later separated photographically for clarity. All traces were brightened in unison at 2000 pulses per see by modulation of the CRT beam. The flash was triggered by a synchronous action potential (Eckert, 1965 b) elicited by a 20 msec current pulse delivered with a cathodal intravacuolar polarizing electrode ( Fig. 12 B, diagram) . The temperature was 23°C.
ings and Weber, 1963) . The values, corrected for spectral differences, were plotted as a function of multiplier voltage, and the sensitivity at each voltage indicated in total number of photons emitted/millisecond/microampere anode current ( = 1 v photometer signal). This proportionality factor was termed/3. Calibration of the differentiated signal was based on
[ _ OEon I000 RG -photons msec-2/cm deflection (4) with Eon as the sensitivity of CRO display in v/cm, RC as differentiator network time comtant in sec, and 1000 to convert to re_see. Calibration of the integrated intensity signal was based on S.,~ = fl Eon RC 1000 = photons/cm deflection (5) with Ean as display sensitivity in v/cm, RC as integration time constant in sec, and 1000 to convert to msec. Slopes o f / --I trajectories were converted to rate constants (k) according to the relationship
in which ~ is the slope of the linear trajectory and Ion and [cm are the x -y display sensitivities in photons msec-l/cm and photons msec-2/cm respectively (see Jenerick, 1963 , for details).
Definitions Intensity (I), omnidirectional quantum flux, given as photons msec -1. Derivative of intensity (dI/dt, or D, first derivative of omnidirectional photon emission with respect to time, given as photon msec -~. Integral of intensity (f I dr, or S), sum of omnidirectional photon emission with respect to time, given in photons. The subscript max designates the maximum value obtained by any of the foregoing during the course of the flash wave form; e.g., Sma~ is the total of photons emitted in a complete flash, /max is the peak value of intensity in any flash. Flash is used in this paper synonymously with "macroflash" (Eckert and Reynolds, 1967) as the transient emission of light from the cell originating in a large (and undetermined) number of emitting organelles (microsources) in response to a synchronous or an asynchronous action potential (Eckert, 1965 a, b, and 1966 b) . Glow, a steady long-term low-level emission of light of an intensity which is characteristically several orders of magnitude below peak flash intensity. Miniature flash, minute transient emission, similar in time course to the full flash, occurring both spontaneously and in response to subthreshold current. Microflash, light emitted by a single microsource. Potentiation, an increase in Im~ and Sm~ as a result of experimental treatment other than increased temperature or stimulus intensity; previously termed "facilitation" . Fatigue, the decrease in emission which accompanies a shortening of the interval between stimuli.
The Wave Form of the Emission T h e intensity wave forms from different specimens of Noctiluca resemble each other rather closely in shape, differ to a
limited degree in time course, and vary greatly in amplitude. The time course of emission (together with intensity and quantum content) is dependent on temperature (Eckert, 1966 b) , and is influenced to a limited degree by the mode of stimulation, as described below. In the recording of Fig. 3 , Ira,x, and hence the maximum rate of the luminescence reaction, occurred 14 msec after the earliest detectable signs of emission (a). This includes a filtering delay of about 1 msec (Fig. 2 C) . The asymmetrical sigmoid shape of the rising phase is seen best in the lightly filtered recording of Fig Both the log display and the dynamic trajectory always revealed a nearly pure exponential segment during the decay of intensity. The approximate beginning of exponential decay in the I display of Fig. 3 was determined by counting corresponding 2 kHz modulation spots in both the I display and the -I display. The decay became exponential at approximately the spot marked e. The log I display (Fig. 3) shows that the exponential portion continues for about 50 msec.
When log I was displayed on a slower time base a second distinct component of decay was generally seen, also exponential or nearly so, but having a much lower rate of decay (Fig. 4) . The second component of decay increased in magnitude when the flash closely followed a previous fash (Fig. 4 D, E) . The time required for reestablishment of prestimulus light levels varied with specimens from a fraction of a second to many seconds. Occasionally, the second component was virtually absent (Fig. 4 C) .
The time course of emission was not the same for all specimens, but showed some variation. Even in the small sample of Table I , decay constants differed by nearly twofold. Substantial time course variations were also noted in the larger sample of Table II , which was drawn from cultures representing more diverse nutritional states.
Numbers of Photons Emitted
The number of photons emitted during a flash (Sin.) depended on factors both intririsic and extrinsic to the specimen.
T A B L E I V A R I A T I O N S IN R A T E CONSTANTS OF DECAY
Nineteen specimens from five different culture dishes were stimulated to flash at ambient temperatures of 22 ° to 23°C. T h e slope of the ~/-/" trajectory of the major exponential decay segment of the flash was measured from the film and converted into rate constants of the exponential process as described under Methods. The variability in emission among the individual specimens of a culture as well as between populations from different culture dishes is shown in Fig. 5 and Table II . This appears to be correlated at least qualitatively with similar variability in the abundance of microsources (Eckert and Reynolds, 1967) . No significant correlations exist between the output of a specimen and its size (Table II) . Quantum content of flashes 1 in the sample of 40 specimens of Fig. 5 ranged from l0 s to 101° photons per flash with a mean of 2.7 X 109. This is approximately 10 times greater than the total light yield in response to maximal stimulation of a smaller dinoflagellate, Gonyaulax (Hastings et al., 1966) . The mean value of Imp. in the present sample was 1.5 X 108 photons msec-k Frequently, only portions of the entire cell show light emission in response INicol (1958) reported the total energy content of a flash from Noctilura as 0.38 X I0 "-~ to 2.01 X 10 -6/~j/4z" sterads. Rounded off this is 10-t2joules per flash. With a value of 4.2 X 10-19 joules per photon at 470 m # (Seliger and McElroy, 1965) , and converted to photons, Nicol's value for Smax becomes 2.4 X 106 photons per flash. The discrepancy between our values is unexplained.
to propagated action potentials (Eckert and Reynolds, 1967, Fig. 6 ). This is interpreted to be the result of failure of the flash-triggering potential to invade all portions of the perivacuolar cytoplasm (Eckert, 1965 b) . It is therefore likely that some of the values listed in Table II 
PHOTONS EMITTED PER FLASH (X I0 e)
FIGURe. 5. Histogram of State'S of 40 specimens originating from seven culture dishes. Measurements were made after flashes had stabilized at 10 sec intervals. In this sample the mean quantum yield per flash was 2.7 × 10 s photons.
r e p e a t e d s t i m u l i o r w i t h e s p e c i a l l y s t r o n g s t i m u l u s c u r r e n t s t h e g l o w i n c r e a s e d u n t i l a f t e r a series of s e v e r a l s c o r e flashes it f r e q u e n t l y a t t a i n e d a n i n t e n s i t y as g r e a t as 10 6 p h o t o n s p e r msec. R i d i n g o n t h e b a s a l g l o w w e r e d i s c r e t e m i n i a t u r e s p o n t a n e o u s flashes, w h i c h o c c u r r e d a t d i v e r s e rates. T h e i r t i m e c o u r s e a n d s h a p e w e r e s i m i l a r to A B C D FIouRJs 6. Miniature evoked flashes and macroflashes in response to increasing levels of stimulating current. An anodal polarizing electrode in the vacuole (as diagrammed in Fig. 12 B) was used to stimulate with pulses of outward current. Duration and relative intensity of pulses are indicated by the upward deflection of the uppermost trace. The downward deflection in the uppermost trace is a 20 msec calibration. Trace 1 displays intensity; trace 2, derivative of intensity; and trace 3, log intensity. Vertical log scale at extreme right ranges from 3 X 104 to 3 X l0 s photons/msec. A, miniature flash; B, macroflash arising from miniature; C, double macroflash arising from a miniature; D, double macroflash with greater overlap of the two constituent responses.
those of the macroflash, even though the ratio of intensities was of the order of 5000. Miniature flashes of similar appearance were elicited by stimulating with either externally or internally applied current at levels which are subthreshold for the flash-triggering potential, and hence subthreshold for the macroflash (Fig. 6 A) . While these special forms of light emission m a y be important in gaining an understanding of the luminescence system, it is not the purpose of this paper to examine them further.
Factors Which Influence the Amount of Light Emitted
SXIMULUS INa~NSI~ The all-or-none behavior of light emission by Noctiluca described previously (Eekert, 1965 a) has two minor qualifications. T h e first of these, as noted above, was the occurrence of miniature evoked flashes.
A moderate increase in stimulating current strength above that required to elicit the macroflash generally caused no further increase in Im~x (Fig. 6 B,  C) . If the stimulus current were increased sufficiently, a double flash typically occurred (Fig. 6 C, D) , the individual flashes of the pair sometimes overlapping so extensively as to appear nearly as one. With concurrent electrical recording two or more action potentials were invariably seen to underlie the greatly enhanced flash amplitude which occurred in response to excessive current .
The exaggerated flash does not violate the all-or-none principle. In some specimens, however, an increase in current strength above threshold resulted in a small (less than 20%) graded increase in the quantum content of the single flash. Since this was thought to result from gradations in the area of perivacuolar cytoplasm participating in the electrical response, these gradations in output are more appropriately examined elsewhere. T h e evidence indicates that the individual luminescent organelles respond to excitation in an all-or-none manner (Eckert and Reynolds, 1967) . STIMULUS REPETITION PATE When stimulated at a constant rate with intervals of 10 sec or longer specimens typically showed little variation in amplitude from one flash to the next, but did show a gradual long-term decline in output. The quasi-steady-state/max and Sma, values of the output were a function of the stimulus interval (Fig. 7) , with an exponential relationship in the interval range of 1 to 20 sec. Increasing the interval beyond 20 sec had limited additional influence on the output.
The progressive reduction of I~,x and Sm~, as a result of a shortened stimulus interval ("fatigue") is illustrated in Fig. 8 A. T h e first three flashes (10 sec intervals) were superimposed and appear as one. The fourth flash was slightly lower in intensity, as it was evoked 9 sec after the third. The intervals between flashes 4 and 12 were 1 sec each. Fatigue would have continued to lower the level of emission had the stimulus interval not been restored to 10 sec between flashes 12 and 20 (Fig. 8 B) . Steady-state, fatigue, and recovery phases are plotted in Fig. 9. T h (Fig. I0 B, and Nicol, 1958): The degree of potentiation at any given stimulus interval varied among specimens.
When the second flash was initiated before decay of the first flash was completed, summation of intensities also occurred (Fig. I0) . Graphic subtraction of the first flash from the second (Fig. 10 A) reveals the true/max of the second flash. In the example shown, Ima~ of the second flash was 1.8 times
FIGURE 8. Fatigue and recovery of the flash. Sweeps numbered 1 through 20 occurred sequentially, and were photographed on two frames (A and B) of recording film. Traces were subsequendy separated for clarity. Flashes 1 through 3 were elicited at 10 sec intervals, flash 4 occurred 9 see after flash 3, and subsequent flashes up to flash 12 were at 1 see intervals. Flashes 12 through 20 were separated by 10 see intervals../-I trajectory decay slopes of 18 °, 25 °, and 26 ° represent rate constants of-0.057,-0.084, and -0.087 msee -1, respectively. The log display of intensity at the upper left corner of the figure was used to monitor the exact instant of flash initiation a l a sensitivity approximately 1000 times greater than the normal display. The base line displacement of the log display during short-interval stimulation was the result of a prolonged second exponential component of decay (Fig. 4) . This sequence demonstrates the changes in amplitude and time course which occur during fatigue and subsequent recovery. Attempts to carry out this experiment with synchronous flashes failed because of the instability of the bioelectrle latency under the required stimulus conditions. Compare B with Fig.  15B . that of the first flash, while the Sma x ratio was 2.2. Summation was therefore accompanied by an increase in time course, primarily a slowing of the decay. Fig. 11 illustrates the relationship between At and degree of potentiation in one specimen. 
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Wave Shape of Luraineseen~e
Factors Which Influence Shape and Duration of the Flash
SYNCHRONY OF TRIGGERING When a noctiluca is stimulated locally by an inward pulse of positive (anodal) current delivered by the holding pipette (Fig. 12 A, diagram) , the action potential arises under the pipette and propagates through the perivacuolar complex of cytoplasm. 8 Since the latent periods of light emission from diverse portions of the cell are a function of the * A cathodal pulse of current applied with the holding pipette can also elicit the flash-triggering potential, but must be stronger to achieve the threshold for the action potential. The wave form of the resulting flash is either closely similar to that obtained in response to anodal current through the holding pipette, or slightly modified in amplitude and/or time course. These variations are due to poorly defined variations in the origin and propagation of action potentials elicited by varying levels of inward current passing generally inward through the cell and then out again to the external cathode (the holding pipette).
conduction time of the action potential (Eckert, 1965 a, b) , the flash triggered in this manner will be termed asynchronous. In contrast, current drawn inward through the entire surface of the cell by means of a cathodal intravacuolar electrode discharges the entire cell synchronously and circumvents propagation of the flash-triggering potential. In such cases the microsources emit in unison, and the macroflash is said to be synchronous. Since the propagated action potential requires from 5 to 10 msec to traverse 180 ° of the cell perimeter, it is reasonable to suppose that conduction time influences both the wave shape and the time course of the flash. Initial evidence of an effect on wave shape was the increased rate of rise of the foot of the flash when the triggering potential was synchronous (Eckert, 1965 b) .
The effect of propagation time on the total wave shape of luminescence was investigated by stimulating specimens so as to elicit alternate synchronous and asynchronous flashes. Inspection of a representative pair of adjacent flashes from such a sequence (Fig. 12) shows distinct increases in I=,=, S=,~, i = ,~, and m a x i m u m rate of decay when luminescence was triggered synchronously (Fig. 12 B) . T h e J -/ d i s p l a y of the synchronous flash also showed a greater I/I ratio at every comparable intensity during the rise to I=.= in both the
positive a n d negative portions of intensity rise. ira., iS achieved n o t only earlier in time but also at a proportionally lower intensity level. Although :the initial descent from Im~z is more rapid in the synchronous flash, there are no consistent measurable differences in the rate constant of the exponential segment of intensity decay. T h e difference in wave forms of synchronous and asynchronous flashes is The diagram in B shows a capillary current electrode inserted in the vacuole. When the electrode was made electronegative a general inward flow of stimulating current caused simultaneous excitation over the whole periphery of the cell and circumvented conduction of the action potential (Eckert, 1965 b) . Note characteristic differences between the synchronous and asynchronous flashes in the early components of their wave forms. The difference between measured i-I decay slopes of 27 ° and 28 ° is not significant, being within the error of graphic measurement.
not dramatic. Nevertheless, consistent differences exist during the rising phase of the flash. Because it is not modified by conduction time, the synchronous flash is assumed to be closer in time course to the elementary wave shape of the microflash than the asynchronous flash is. T h e contribution of conduction time to the shape and time course of the asynchronous flash m u s t clearly be taken into consideration during in vivo studies of the light reaction in Noctiluca.
S L O W I N G O F T H E F L A S H D U R I N G F A T I G U E
There was normally a gradual slowing of the exponential segment of flash decay with repeated stimulation during the course of an experiment. This occurred slowly in most specimens, was largely irreversible with time, and was accompanied by an increase in the basal glow. A reversible slowing of the time course occurred during fatigue. In the experiment of Fig. 8 A the specimen had been stimulated for a number of times at 10 see intervals prior to flash 1 until steady-state values of I=,= and Sm~= were recorded. Under those conditions both the time course and the amplitude were highly stable (flashes 1-3). When the interval was reduced to 1 sec (between flashes 4 and 12), a progressive slowing of time course occurred along with fatigue of the amplitude. This was seen as a delay in the occurrence of Im,x and of Imp=, and as a decrease in the decay constant.
Following flash 12, the duration of the stimulus interval was returned to 10 sec to permit recovery. Measurements made of traces 13 to 20 indicate that the time course of flash 13 had returned nearly fully to that of flashes 1-4, and that only slight additional restoration occurred between flashes 13 and 20.
The slowing of time course was barely detectable from flashes 4 to 6 of the fatigue series. It became apparent with flash 7, and continued progressively. The slowing of the intensity wave form during fatigue at a constant short stimulus interval was therefore cumulative rather than constant. The cumulative nature of the effect is further indicated by experiments in which At of paired flashes elicited at 20 sec intervals was progressively reduced. The time course and amplitudes of I and I traces of two flashes were essentially identical at a stimulus interval of 20 sec (Fi.g. 13 D). When At was reduced to 4 sec (C) a slight decrease in I=~x and Im, x of the second flash occurred, and a further decrease occurred when At was 0.4 sec (Fig. 13 B) . In A, at an interval of 0.04 sec, potentiation of I~. partially compensated for fatigue. No detectable difference in decay constant was evident until the interval was reduced to 0.04 sec.
Two points are especially noteworthy here. First, for a single conditioning flash to produce detectable changes in the decay constant o f a subsequent flash the interval between the two must be less than 1 sec. At intervals approaching 1 sec the effects are seen only after several flashes (Fig. 8 A) suggesting that the underlying cause decays with a time constant of the order of several seconds. Second, a comparison of A and B in Fig. 13 indicates again that amplitude and time course are independent of each other. T h e second flash in B shows no slowing of time course, but a decrease in amplitude due to fatigue, whereas in A there was slowing of the second flash in spite of a partial restoration of amplitude due to short-interval potentiation.
D I S C U S S I O N
Interpretation o] the Luminescence Wave Form How do the dynamics of emission relate to cellular events leading to light production? W h i l e t h e data do not permit reconstruction of these events, several observations and deductions relating to this question are possible.
T w o pertinent characteristics of the flash, (a) its relatively stable time course in spite of large changes in amplitude, and (b) its prominent exponential decay, suggest that the wave shape m a y arise from a pulse-like transient acted on by a short sequence of first order processes. For purposes of illustration one might consider two simplifying assumptions which are, as first approximations, consistent with the output kinetics of the luminescence system; namely, that the light reaction occurs in solution with classical first order collisional kinetics, and that the exponential decay of light intensity (reaction rate) is due simply --1-/"",
• . . . , ' .°.
: :
,44 to the depletion of a rate-limiting pulse of substrate. The maximum intensity of such a reaction, and the total yield (Im,,, S~,x) should vary directly with moles of substrate introduced into the system, while the time course of the reaction should remain a function of (active) enzyme concentration and turnover rate, and hence remain unchanged. A related scheme would ascribe the exponential decay of intensity to the inherent lifetime of a statistically long-lived intermediate such as occurs in the bacterial luminescence system (Hastings and Gibson, 1963) rather than to multiple turnover of the enzyme. The rate constant would then be a relatively fixed, inherent property of the intermediate complex, and therefore not easily reconciled with either the experimentally observed slowing of intensity decay with fatigue (Figs. 8 and 13 ), nor the variations in decay constant which occur among specimens (Table I) . If one considers a particulate rather than a soluble system, predictions are less well-defined, but can be embraced by the two classes of mechanisms discussed above.
A broadly stated hypothesis for the origin of the luminescence wave form, which is consistent with the experimental observations, and subject to examination by electronic simulation (see Appendix), contains these steps: (a) The action potential elicits an increase in permeability to a substrate. ~ (b) Substrate diffuses into the light-emitting organelle at an instantaneous rate determined by its concentration gradient and by the permeability of the limiting membrane. (c) The light reaction (or an intermediate reaction) proceeds at a rate proportional to the amount of substrate available to the enzyme system. (d) After the limiting membrane returns to its resting permeability, and mixing comes to completion, the remaining substrate is depleted by the light reaction. In more general terms, it is proposed, that the shape of the flash arises from an interaction of first order lags, due for example, to the time constant of permeability changes, the rate(s) of intermediate reaction(s), and the rate of the light reaction. 5
The kinetic similarity between the output of an electrical analogue (Appendix) based on the substrate pulse hypothesis, and the output of the luminescence system indicates that a short sequence of first order steps as in the example outlined above can generate the luminescence wave form without the need for more complex mechanisms.
A different class of mechanism, control by enzyme activity, is found in skeletal muscle, where ATPase activity is a function of the sarcoplasmic concentration of the cofactor, Ca ++. There is evidence that calcium is released from, and subsequently reaccumulated by intracellular sequestering sites (Weber et al., 1964; Podolsky and Costantin, 1964; Winegrad, 1965; Lee et al. 1966) , and that the time course of the active state of the contractile mechanism is determined by the time course of availability to the muscle ATPase of Ca++ (Sandow et al., 1965) . It will be noted that while the decay of the active state in muscle appears to be an active process (removal of Ca ++ by the sarcoplasmic reticulum), the decay of luminescence is, according to the proposed scheme, a passive process subsequent to the injection of substrate into the enzyme system.
Secondary Characteristics of the Luminescence Response
The cell can flash several times in close and even overlapping succession (Figs. 6 C, D, 8, 10 ), 4 A permeability change was originally proposed by Hastings (1959) as the mechanism controlling the luminescence reaction, of dinoflagellates. For lack of a better term, the word substrate is used to signify any ionic or molecular entity required for the reaction and consumed or inactivated by its entry into the reaction. s T h e distances which exist between extracytoplasmic spaces (seawater, vacuolar fluid) and the luminescent organelles are of the order of 1 /~, and hence diffusion times of ions or small molecules are likely to be too short to be of any consequence to the time course of light emission.
which suggests a pool of Substrate, a fraction of which is mobilized in response to each excitation. The relationship between stimulus frequency and the output of each response (Fig. 7) could result from interaction between depletion and replenishment (by synthesis, recycling, diffusion, etc.) of the substrate pool, while potentiation could result from an increase in the proportion of the pool mobilized in response to excitation.
While summation would seem to be a simple outcome of temporal overlap, short-interval potentiation probably has a more complex basis (compare Figs. I0 A and 15 A) . It might be argued that potentiation results from an increased effectiveness of invasion of the cytoplasmic complex by the second flash-triggering action potential of a closely spaced pair. This seems unlikely, since the second of two closely timed action potentials (as recorded from the vacuole) is invariably smaller in amplitude than the first (Chang, 1960; . All else being equal, an increase in the topographical extent of electrical activity should increase rather than decrease the amplitude of the recorded action potential, while refractoriness should hinder rather than facilitate the spread of the second action potential. It therefore seems likely that potentiation originates at the level of excitation-luminescence coupling.
Slowing of the leading phase of the asynchronous flash during fatigue (Fig.  8 A) is due at least in part to the slowing of conduction of the flash-triggering action potential observed during rapid repetitive stimulation (unpublished observations). However, the limited slowing of conduction should have virtually no effect on the relatively long time course of intensity decay. Slowing of the decay could result from product inhibition, which occurs in the in vitro firefly light reaction (McElroy and Seliger, 1966) . This possibility is consistent with both the cumulative nature of the slowing effect and its reversal when the rate of stimulation is reduced (Fig. 8 B) .
Comparisons with Other Systems
GONYAUT.AX The relationship between birhombohedral scintillon crystals in Gonyaulax and the microsources of Noctiluca must still be determined (Eckert and Reynolds, 1967) ; however, the generalized sequence proposed for the luminescence system of Noctiluca is consistent with the findings and proposals of Hastings et al. (1966) regarding the control of flashing in the Gonyaulax scintillon system. They propose that at alkaline pH's luciferin and luciferase are fixed in a stable configuration in the structure of the scintiUon particle, and that protons transported into the particle as a consequence of electrophysiological events react with the luciferin, converting it into the anionic form, which is then oxidized, giving rise to the flash. A strictly ordered, stable configuration of luciferase and lucifcrin should result (in the absence of competitive inhibition) in a highly uniform reaction rate constant. This is not the case in flashes of Noctiluca, for although individual specimens show rela-tively stable time courses, variations between specimens are significant (Tables  I and II) .
MNEMIOPSlS The flashes of Noctiluca closely resemble in shape those elicited by electrical stimulation of small pieces of the meridional canal of the ctenophore Mnemiopsis (Chang, 1954) , but are approximately four times as fast. The two systems sum, potentiate, and fatigue similarly, and show similar stimulus interval-amplitude relationships. Because of the multicellular nature of the tissue, Chang could not with certainty ascribe the behavior of his preparation to intracellular mechanisms.
MUSCLE END P L A T E P O T E N T I A L
Short-interval potentiation in Noctiluca superficially resembles "primary" potentiation of the end plate potential (e. p. p.) of vertebrate skeletal muscle (Hubbard, 1963) . An e. p. p. closely following a conditioning e. p. p. shows facilitation even though the second presynaptic action potential is smaller than the first. Similarly, short-interval potentiation of the flash occurs in spite of a reduction in size of the action potential recorded from the vacuole .
MUSCLE TWITCH The dynamics of twitch tension are significantly influenced by the passive mechanical properties of the muscle structure for which there are no equivalents in the luminescent system. Since photon production by the light reaction can be considered analogous to mechanical energy production by contractile machinery, comparisons of luminescence with muscle contraction are most meaningfully made with reference to the active state.
While the "active state" of the luminescence system is easily and accurately measured by photometric recording, equivalent measurements in muscle are difficult and somewhat indirect. Nevertheless, it has been determined that contractile activity decline exponentially during relaxation of frog muscle (Jewell and Wilkie, 1960) , while that of cat papillary muscle (Sonnenblock, 1967) shows no notable exponentials. Both have gross shapes differing from that of the Noctiluca flash. In skeletal muscle the plateau is fixed in intensity but can be elongated by either physiological or pharmacological means (Ritchie and Wilkie, 1955; Ritchie, 1954) . On the other hand, inotropic mechanisms in cardiac muscle involve changes in the intensity of the active state as well as changes in its time course (Abbott and Mommaerts, 1959; Sonnenblick, 1967) . In this context, too, the active state of the luminescence system of Noctiluca differs from those of both skeletal and cardiac muscle, for it is relatively stable in duration while it is highly labile in amplitude.
A P P E N D I X
With Bernd Lindemann. H. Physiologisches Institut der Universitiit des Saarlandes, Homburg/Saar, Germany
The intensity-time curve of the flash can be simulated by three sequential processes
of first o r d e r kinetics, w h i c h are activated by a suitable forcing function F(t). T h e simulation was d o n e by a n a l o g u e c o m p u t a t i o n w i t h the following linear third order system: }, + k,yl = F(K, t')
}2 + k.ey~ = --klyl
F o r a simple forcing function F(t) we chose a square w a v e of a m p l i t u d e K a n d d u r ation t'. k l , k2, and ka are further a r b i t r a r y constants. T h e p r o d u c t kaya represents the instantaneous v a l u e of the light intensity I(t) if the five constants are chosen correctly. It is dangerous, on the basis of successful simulation alone, to draw specific conclusions with respect to either biochemical or excitation-response coupling mechaFmtJRE 15. Simulated summation and change in amplitude. A, the experiment of Fig. 10 A was repeated with a program similar to that in Fig. 14 . The forcing function in one oscilloscope sweep consisted of two identical rectangular pulses separated in time, while the first and then the second pulse alone were applied in the other two sweeps. The integrals of the outputs were also displayed. Two characteristics of the actual behavior ( Fig. 10 A) do not appear in the simulation; i.e., potentiation of the second flash, and a slowing of its decay. The analogue shows only simple summation of the overlapping functions. B, the experiment of Fig. 8 B was simulated with a program similar to that in Fig. 14 except for the introduction of a potentiometer (A) acting on the k~y~ input to the third integrator. The output of potentiometer A is shown in the upper trace, and is the equivalent, except for attenuation, of trace 2 in Fig. 14 B. In the three sweeps shown the value of potentiometer A was 0.50, 0.75, and 1.00, simulating a progressive increase in the quantity of substrate available to the light reaction of each flash. The resulting "flashes" and their time integrals were displayed with the two lower traces. The corresponding I -I trajectories are displayed at the right (~r plotted vertically). A similar effect on the amplitude of the artificial flash was obtained with an attenuation of the input to either of the other two integrators. Note that changes in the amplitude of the substrate pulse do not affect the shape or time course of the artificial flash.
nisms. T h e simulation does indicate, however, that a hypothesis for the origin of the luminescence wave shape more complex than that discussed in this paper is presently unnecessary.
Simulation of potentiation requires a more complex program and was not attempted. T h e s u m m a t i o n of two flashes as simulated with our simple program therefore does not show potentiation (Fig. 15 A) . I n terms of the model described on page 2')3I , the effects of differing amounts of "substrate" injected into the system were simulated as shown in Fig. 15 B. 
